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ABSTRACT  The potential  relationship  of cell adhesion to embryonic induction during feather 
formation was examined  by immunohistochemical  analysis of the spatiotemporal  distribution 
of three  cell-adhesion  molecules  (CAMs), neural  CAM  (N-CAM),  liver  CAM  (L-CAM), and 
neuron-gila CAM (Ng-CAM), and of substrate molecules (laminin and fibronectin)  in embryonic 
chicken  skin. The N-CAM found at sites of embryonic induction  in the feather was found to 
be similar to brain N-CAM as judged  by immuno-cross-reactivity,  migratory position  in PAGE, 
and the presence of embryonic to adult  conversion.  In contrast to the N-CAM found  in the 
brain,  however,  only  one  polypeptide  of  Mr  140,000 was  seen. N-CAM-positive  dermal 
condensations  were distributed  periodically  under  L-CAM-positive feather placodes at those 
sites where basement membranes are known to be disrupted.  After initiation  of induction,  L- 
CAM-positive placode cells became transiently N-CAM-positive.  N-CAM was asymmetrically 
concentrated  in the dorsal region of the feather  bud, while fibronectin was concentrated  in 
the  ventral  region.  During feather  follicle  formation,  N-CAM was expressed  in  the  dermal 
papilla and was closely apposed to the  L-CAM-positive  papillar ectoderm,  while the dermal 
papilla  showed  no  evidence  of laminin  or fibronectin.  The  collar  epithelium  was  both  N- 
CAM- and L-CAM-positive.  During the formation  of the feather filament,  N-CAM appeared 
periodically  and asymmetrically  on basilar cells located in the valleys between adjacent  barb 
ridges. In contrast  to the two primary  CAMs, Ng-CAM was found only on  nerves supplyling 
the feather and the skin. These studies indicate  that at each site of induction during feather 
morphogenesis,  a general pattern  is  repeated  in  which  an epithelial  structure  linked  by  L- 
CAM is confronted with periodically  propagating condensations of cells linked  by N-CAM. 
Morphogenesis during early development proceeds under the 
driving  forces of cell  division,  morphogenetic  movements, 
and cell death (1-4).  These processes are guided by the ap- 
pearance  of cell-adhesion  molecules  (CAMs) 1 and  specific 
differentiation events. The roles of the controlling events in 
development are seen particularly during embryonic induc- 
tion, in which cells of different histories are brought together 
by morphogenetic movements to undergo position-dependent 
cell differentiation (1, 5). 
The fundamental question raised by classical observations 
of inductive events is: how are the gene expressions central to 
embryonic induction  linked to higher order interactions be- 
tween cell collectives in such a way as to yield form? On the 
Abbreviations used in this paper: CAM, cell-adhesion molecule; L- 
CAM, N-CAM, and Ng-CAM, liver, neural, and neuron-glia CAM, 
respectively; SAM, substrate-adhesion molecule. 
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bails of previous studies (reviewed in references 6, 7), it has 
been proposed that expression of genes for CAMs provides a 
critical part of this link because of the possibility that these 
molecules may regulate morphogenetic movements (5). This 
so-called regulator hypothesis is based on the observation that 
CAMs mediate specific cell  adhesion,  appear in distinct  se- 
quences  at  all  sites  of embryonic  induction,  and  undergo 
modulation in their amount or position at the cell surface at 
these  sites.  For  many  sites  of induction,  the  two  known 
primary CAMs, the neural CAM (N-CAM) (6, 8) and the liver 
CAM (L-CAM) (9), appear as couples linking adjoining col- 
lectives of cells (10,  10a). The specific tissue distribution and 
defined order of CAM  expression in  embryogenesis can be 
summarized in composite fate maps (10-12): both CAMs are 
expressed in more than one germ layer and both are seen in 
derivatives of the  germ  layers throughout  adult  life.  These 
observations suggest that CAM function is important to both 
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In this study, we examined the appearance of these CAMs 
during embryonic induction at a finer level of morphological 
detail. Our aims were to relate the coupled expression of the 
primary CAMs to pattern formation (particularly the forma- 
tion of borders and periodic structures), to the role of germ 
layer derivatives in  histogenesis,  and  to  the  occurrence  of 
other primary processes of development. To provide refer- 
ences for comparison, we also examined the appearance of a 
neuron-specific CAM (Ng-CAM) (13)  as well as of laminin 
and fibronectin (both components of extracellular matrix [ 14] 
and  referred  to  here  as  substrate-adhesion  molecules 
[SAMs]).  The feather was chosen as a paradigm. The forma- 
tion of the feather can be divided into five stages: epidermal 
placode,  feather bud,  feather filament, nestling (neoptile or 
downy) feather, and adult (teleoptile or definitive) feather (15, 
16).  We  present  here  data  on  CAM  expression  from  the 
placode stage to the nestling feather stage; CAM expression 
during adult feather formation is presented in the accompa- 
nying paper (17). 
Each feather forms at the center of a secondary induction 
between two germ layers, ectoderm and mesoderm (15,  18, 
19). Events resembling the original induction that occurs at 
each placode are seen again in feather filaments of nestling 
feathers, in adult feather molting, and in feather regeneration 
(16,  20). Structural periodicity is observed in feather patterns 
on the skin, as well as within feather structures such as rami 
and barbules. Moreover, in progressing from neoptile to te- 
leoptile structures, the feather changes from radial to bilateral 
symmetry (16,  21).  All of these properties indicated that the 
feather would provide an excellent model for analysis of the 
expression of the primary CAMs in  terms of their relative 
distributions at each morphogenetic site. The results suggest 
that L- and N-CAM are expressed in periodic couples related 
to each morphogenetic event during feather formation. 
MATERIALS  AND  METHODS 
Chicken Skin:  White  Leghorn  chick  embryos  were used and dated 
according to Hamburger and Hamilton (22). Skins from the back (middle part 
of the  spinal  tract)  or the  wing (ulnar side  of the alar  tract)  were used as 
designated. The dissected skins were fixed with 2.5% paraformaldehyde/0.02% 
glutaraldehyde in 100 mM phosphate buffer for 30 rain at room temperature. 
The samples were then impregnated with 30% sucrose, embedded in Lipshaw's 
compound, and sectioned (10 ~m) in a cryostat (International  Equipment Co., 
Needham  Heights. MA). This is the  same procedure  we used  for detecting 
CAMs in embryonic brains (22a). It was optimized to preserve CAM antigen- 
icity and tissue morphology. Normal rabbit lgG control and comparison  with 
unfixed frozen sections showed that this procedure was appropriate for staining 
developing  feathers.  The terminology  used  for feather  structures  is  mainly 
derived from Lucas and Stettenheim (16). 
Immunofluorescence:  Rabbit  polyclonal  antibodies  and  mouse 
monoclonal  antibodies were prepared as described by Brackenbury et al. (8), 
Hoffman et al. (23), Chuong et al. (24) (N-CAM), Gallin et al. (9) (L-CAM), 
and Grumet and Edelman (13) (Ng-CAM). Antibody  to the cellular form of 
fibronectin was a gift from Dr. J.-P. Thiery, lnstitut  d'Embryologie du Centre 
National  de la R6cherche Scientifique et du Coll~ge de France; antilaminin 
antibody was obtained from E. Y. Laboratory, San Mateo, CA. 
Cryostat sections were incubated  overnight at room temperature  with 20 
#g/ml antibodies dissolved in PBS with 5% goat serum.  After washing, they 
were further  incubated  with fluorescein- or rhodamine-conjugated  secondary 
antibodies (Miles Laboratories, Naperville, IL;  1:50 dilution).  When possible, 
sister sections (10 um apart  from  each  other)  were used  for each different 
primary antibody. The results were observed through a Zeiss Universal micro- 
scope equipped with Ill RS fluorescence optics. Photographs were taken with a 
Nikon UFX camera system with Kodak Tri-X ASA 400 film; photoprints were 
developed by an Agfa Rapidoprint  printer. 
Quantitative measurements of  relative fluorescence intensity were performed 
by using a Zeiss photometer with a  10-urn diaphragm.  Measurements  were 
expressed in arbitary  units  by defining the  intensity  of N-CAM staining  on 
feather placode cells as one unit. 
lrnmtlnoblots:  Chicken skin was extracted with ice-cold PBS contain- 
ing  0.5% Nonidet  P-40, trasylol  (200 KIU/ml), and  phenylmethylsulfonyl 
fluoride (1  raM)  for 10  rain  with homogenization  and  vortex  mixing. The 
extracts were cleared by centrifugation  in a microfuge (10 kg,  10  rain), and 
were then assayed for protein  (Bio-Rad Laboratories, Richmond,  CA). 50 ug 
of protein  from the extract was resolved by 7.5% SDS PAGE and immuno- 
blotting was performed as described by Towbin et al. (25). 
RESULTS 
The terminology used in describing feather structures and the 
morphogenetic  processes  leading  to  feather  formation  are 
shown schematically in Fig.  1. (For a detailed description, see 
references 15,  16, 21.) Feather bud formation in the chicken 
follows a temporal sequence (15): it starts in the dorsal midline 
at embryonic day 6 (E 6, stage 29),  progressing bilaterally in 
hexagonally packed arrays to reach the abdominal side of the 
body at around E 9 (stage 35). 
Feather Placodes and Feather Buds 
When sections from a  developing wing of the chicken at 
E9  or stage 35  were reacted wtih three different anti-CAM 
antibodies, three distinct patterns were obtained. L-CAM was 
localized on the epidermis, including the feather placodes and 
FIGURE  1  Schematic representation of feather morphogenesis. (Part A) Feather structures are shown with appropriate terminol- 
ogy.  (a)  Structures  of a  radially symmetrical  nestling  feather (upper)  and a bilaterally symmetrical  adult feather (lower).  (b) 
Longitudinal section  of a developing nestling  feather.  (c and  d) Cross sections of developing feather filaments  at the levels 
indicated in b.  End products of the structures are in parentheses. (Part B) Illustrations  of analyzed processes of morphological 
transformation from an epithelial sheet Ca) to the elaborate structures of feathers (see reference 1). For clarity of presentation, the 
steps are presented in an order of morphogenetic processes that is not necessarily the same as that found during development; 
the numbers and sizes of each structure are only representative and do not reflect the actual values. Ca) Flat epithelial sheet. (b) 
Formation of feather bud. (c) A segment of the elongated bud showing an epithelial cylinder. (d and e) Invagination and cleavage 
of the epithelial layer into many barb ridges, which later become barbs. (land g) Segregation of each barb ridge into ramus and 
barbule plates. (h and i) Fusion of barb ridges into the larger rachis. (j and k) The cleavage angles of the barbs are slanted, but 
the rachis remains perpendicular to the base of the feather; thus the barbs become inserted  on the rachis rather than on the 
feather base. (/) A combination of processes e to g and processes e to k forms a feather structure  composed of three levels of 
branching: tertiary branches (barbule) onto secondary branches (ramus) and secondary branches onto primary branches (rachis). 
Varieties of feathers (16, 26) may be derived by using different portions of the sequence. For example, through the inner loop 
(a-g),  a nestling feather is formed; by a combination of inner (a-g) and outer loops (a-k),  an adult chicken feather is formed. 
Feathers without barbules, seen, for example, in the tail feathers of the lyrebird (26), may be derived by processes shown in k. 
CHUONG AND EDELMAN CAM Expression  during Feather  Histogenesis  101 1 regions of the skin outside the placodes (Fig. 2 a). As expected, 
N-CAM was present on  nerves, but  most strikingly,  it was 
also found on the dermal condensations located beneath the 
feather placodes, forming a periodic staining pattern (Fig. 2 b). 
Ng-CAM was present on the nerves only; the failure of anti- 
Ng-CAM to stain epidermal and dermal cells  prompted its 
use as a control for L-CAM and N-CAM staining (Fig. 2c). 
The specificity of the N-CAM staining on dermal cells was 
demonstrated by several findings: (a) Monoclonal antibodies 
No. 1, No. 2 (23), and 15G8 (24) all showed the same staining 
pattern;  the  first two  are  specific for  N-CAM  polypeptide 
determinants (27)  and the third for a  static  acid-dependent 
determinant (24). (b) Staining by polyclonal antibodies to N- 
CAM  was completely neutralized by affinity-purified brain 
N-CAM (Fig. 2 d). (c) The staining pattern remained the same 
after the polyclonal anti-N-CAM was further affinity-purified 
on a brain N-CAM column. 
With  these observations as a  reference, we proceeded to 
examine the expression of N-CAM and L-CAM at different 
developmental stages of feather bud formation. At the earliest 
stage of feather formation, a thin layer (three to ten cells thick) 
of dermal cells beneath the epidermis was found to be evenly 
N-CAM-positive (Fig. 3a'). At about the same time that the 
epidermis expressed characteristic placode morphology, clus- 
ters  of N-CAM-positive  dermal  cells  appeared  under  the 
epidermis (Fig. 3 b'). Dermal condensations, which have been 
reported to appear after placodes are formed (15),  were N- 
CAM-positive  (Figs.  2b  and  3c').  Epithelial  cells  in  the 
bulging placodes are columnar in shape; cells appearing out- 
side the placodes are cuboidal and stratified. All of these cells 
were L-CAM-positive (Fig.  3, a and b). Staining for L-CAM 
on the  placode cells  appeared to be  more intense  on their 
upper and lower surfaces, but was fainter on lateral surfaces 
contacting other placode cells (Fig.  3 c), which suggests  that 
L-CAM on these cells has undergone polarity modulation (6). 
When the epidermal placode cells formed, they were initially 
not stained with N-CAM, but later they transiently acquired 
low levels of N-CAM while still expressing L-CAM (Fig.  3, c 
and c'). In the feather bud stage, the epidermis covering the 
feather buds  and  interbud  areas  was still  L-CAM-positive 
(Fig. 3 d). The staining for N-CAM in the epidermal placode 
at this stage was faint, and was limited to only a few cells on 
the bud epidermis (Fig.  3 d'). 
Because feather bud formation follows a temporal sequence 
starting from the dorsal midline and proceeding laterally (15), 
a cross section of the E  9 (stage 35) chicken embryo reveals 
the sequential stages of feather bud formation as one proceeds 
along the  body from the  lateral (early development of the 
bud) to the medial skin (later development of the bud). Such 
a  sequence is  illustrated  in  Fig.  3 e.  Beginning  at the  right 
lateral skin, one observes a very thin layer of N-CAM-positive 
dermal cells. Moving medially, one observes clusters of cells 
brightly stained with  anti-N-CAM.  Such  clusters gradually 
increase in diameter and in height to become part of the buds. 
In the interbud spaces, a thin layer of dermal cells  remains 
FIGURE  2  Expression of L-CAM  (a), N-CAM  (b), and Ng-CAM (c) 
on the chicken wing at E 9 (stage 35). Arrows delineate the outer 
1012  THE  JOURNAL  OF  CELL BIOLOGY • VOLUME  101,  1985 
margin of one feather bud.  (a)  The epidermis of  both  skin  and 
feather placode is stained with anti-L-CAM. (b) Anti-N-CAM stains 
a  regular pattern of biconvex-shaped dermal condensations (dc) 
and nerves (n), but not the epidermis. (c) Anti-Ng-CAM stains only 
the  nerves.  (d)  Anti-N-CAM  preincubated with  affinity-purified 
brain N-CAM.  Note that staining  of both feather bud and nerves 
disappears. Bar, 100 #m. x  50. CHUONG  AND  EOELMAN  CAM Expression  during Feather  Histogenesis  1013 N-CAM-positive  (Fig.  3e),  but  will  eventually  disappear. 
Embryonic muscle and  nerve trunks  were brightly stained 
with  anti-N-CAM.  Note that  between the  muscle and  the 
skin there was a space loosely filled  with mesodermal mes- 
enchymal cells that were negative for N-CAM. 
Polarized Distribution  of N-CAM  in a  Feather Bud 
The "dorsal" side of the feather is conventionally defined 
as the side of the feather that forms the maximal blunt angle 
with the skin  surface (16).  Its orientation within  the entire 
embryo depends upon the tract in which it appears (16).  In 
the spinal tract, feathers are inserted with their dorsal side in 
a mainly cephalic and slightly  medial direction. 
As the feather buds continued to grow, three major changes 
occurred in N-CAM distribution:  (a) N-CAM became con- 
centrated in the dorsal part of the bud dermis and was present 
in  reduced  amount  in  the  ventral  part;  (b)  N-CAM  was 
localized on the cells near the base of the buds, but was absent 
from dermal cells in the distal part of the buds; and (c), as the 
skin surrounding the feather buds started to invaginate, N- 
CAM appeared on the dermal cells under both the dorsal and 
the ventral feather-skin junctions, but was more concentrated 
in the dorsal junctions.  These changes are shown in Fig.  4, 
a-f'. The increasingly localized distribution of N-CAM in the 
dorsal part of the feather buds is apparent in both cross (Fig. 
4, a, c, and d) and longitudinal (Fig. 4 b) sections of the body. 
As development continued, the polarized distribution of N- 
CAM in the dorsal vs. ventral side of the feather bud gradually 
disappeared, and N-CAM was mainly localized at the basal 
portion of each bud that is to become the dermal papilla (Fig. 
4c). 
In order to make detailed quantitative comparisons of this 
graded N-CAM distribution, we analyzed the polarized distri- 
bution of N-CAM within a feather bud by means of photo- 
metric measurements of immunofluorescence. The measure- 
ment window was 10 ~m in diameter, small enough to permit 
contributions from only one to two cells per field.  Because 
the size and morphology of cells in the dorsal and ventral side 
of the buds appeared to be similar (Fig. 4d), we consider that 
such measurements largely reflect the relative amount of N- 
CAM per unit cell membrane and not merely fluctuations of 
cell number or the amount of  cell membranes in the measured 
field. The brightest intensities in the bud were on the dorsal 
side  (13  units),  six times brighter than  the  ventral  part  (2 
units) and three times brighter than tile bud base (4 units) 
(Fig. 4 e). For comparison within the same section, the inten- 
sity on muscle was found to be 11 units and that on nerve to 
be 21  units, but in these cases the relative amounts of cell 
membranes within each of the measured fields may be differ- 
ent. 
At this stage, the mesenchymal cells were heterogeneously 
stained with N-CAM; subcutaneous mesenchymal ceils below 
the base of the buds were loosely packed and spindle shaped 
with long processes and were N-CAM-negative. In contrast, 
the cells within the bud were densely packed, round, and N- 
CAM-positive  in  the  dorsal  but  not  the  ventral  portion. 
Mesenchymai cells below the base of the bud became increas- 
ingly rounded in shape as they proceeded toward the bud and 
were faintly stained with anti-N-CAM (Fig. 4, fandf'). This 
evidence,  taken  together with  the  known  properties of N- 
CAM, is consistent with the idea that the N-CAM-mediated 
cell-adhesion mechanism is used in forming dermal conden- 
sations. 
Feather Follicle 
After E l0 (stage 36), the epidermis surrounding the feather 
buds starts to invaginate and, eventually, it wraps around the 
bud to make a double-layered follicle: the outer layer becomes 
the follicle  sheath and the inner layer becomes the interme- 
diate and basilar layers (16). Expression of CAMs during these 
processes is shown in Fig. 5, a-c'.  Feathers fail to appear in 
certain sites (16), such as the apteric skin, where at E 12 (stage 
38) a thin layer of cutaneous dermis is stained evenly with N- 
CAM (Fig. 5, a and a'), an appearance similar to that of the 
FIGURE  3 (preceding page)  Successive stages of feather bud development in skin of the chicken back at  E 8 (stage 34). Each 
stage was stained with anti-L-CAM {a-d) and anti-N-CAM  (a'-d'), using  immunofluorescent methods. Arrows delineate the 
outer margin of one feather bud. (a and a') Earliest stage. Periderm and basal cells are stained with anti-L-CAM; a thin layer of 
dermal cells is homogenously N-CAM-positive. (b and b') The epidermal placode has just started to form, but is negative for N- 
CAM at this stage. Clusters of N-CAM staining begin to appear under the presumptive placode (margin designated by arrows). (c 
and c') The epidermal placode starts to bulge out and shows more L-CAM  staining on upper and lower surfaces than on the 
lateral surfaces. Placode epithelia also express N-CAM at this stage (curved arrow). The dermal condensation beneath the placode 
contains N-CAM. (d and d') Feather buds continue to grow in height. Most placode cells lose their N-CAM staining at this stage. 
In this section, the epidermal-dermal  junction near the bud tip is very brightly stained with N-CAM. (e) Cross section of chicken 
embryo body at E 9 (stage 35) stained with anti-N-CAM and displaying a temporal sequence of feather bud formation from the 
early buds on the lateral skin (It) to the more mature ones on the medial skin (rod). Embryonic muscle (m) is also positive for N- 
CAM. {f) Thionin stain of a feather bud comparable to c'. Bars, 100 #m. (a-d' and f) x  126, (e) x  50. 
FIGURE  4  Polarized distribution of N-CAM in feather buds. Cross sections (a, c, and d} and longitudinal sections (b) of chicken 
embryo body at  E 9  (stage 35) stained with anti-N-CAM.  Dashed  lines  delineate the outer margin of the skin.  The relative 
sequence of maturity of the buds shown is d-a-b-c. (a and b) Within a feather bud, N-CAM is localized toward the medial (md) 
and cephalic (cp) directions of the embryo, cd, caudal; It, lateral; m, muscle; sp, spine. (c) At a later stage, the polarized distribution 
has gradually disappeared and N-CAM  is localized at the base of the bud. Note that between the buds the dermis becomes 
negative for N-CAM (curved arrow). (d, d', and e) Polarized distribution of N-CAM in a feather bud shown by immunofluorescence 
(d), phase contrast (d'), and quantitative measurements (e). Some cells on the ventral side of the placode still contain a low level 
of N-CAM (blank arrow). (fand f') Magnified view of dermal cells at the base of the bud. fand f' represent windows taken from 
d and d' separately. The tightly packed cells in the base of the feather bud are N-CAM-positive; the loosely arranged cells are 
N-CAM-negative. (a-c) Bar, 100/~m; x  50. (d, d', and d") Bar, 20/sm; x  569. (fand f') Bar, 5/sm; x  1,625. 
1014  THE  JOURNAL  OF  CELL  BIOLOGY - VOLUME  101,  1985 CHUONG  AND  EDELMAN  CAM Expression  during Feather Histogenesis  1  01 5 FIGURE  5  Formation of feather follicle. Abdominal skin from embryo at E 12 (stage 38) (a and a') and dorsal skin from chickens 
at E 17 (stage 43) (b and b') and at P 1 (c and c') are stained with antibodies to L-CAM (a, b, and c) and N-CAM (a', b', and c'). 
Dashed lines delineate the margin of the skin. (a and a ') As the feather buds grow in height, the epithelial cells within each begin 
to cleave into barb ridges (br).  Toward the left is the apteric skin (ap) over the midline of the abdomen in which a thin layer of 
N-CAM-positive cells persists, rm, rectus muscle. (b and b') The epidermis surrounding the feather bud (el, epidermis of follicle) 
starts to invaginate. The dermis that is immediately under the invaginating epidermis (df,  dermis of follicle) is heavily stained with 
anti-N-CAM, es, epidermis of skin. (c and c') Feather bud is completely wrapped by invaginating epidermis that becomes the 
feather sheath (fs).  N-CAM-positive dermal cells within the buds form the dermal papilla (dp).  n,  nerve; m, muscle. Bar, lO0 #m; 
x  50. 
dermis before the initiation  of feather buds (see  Fig.  3a'). 
Mature skin in between different feathers contained dermal 
cells that were negative for N-CAM (Fig. 5, c and c'). 
Dermis underlying the invaginating epidermis was brightly 
stained with anti-N-CAM (Fig. 5 b') and at later stages, when 
it  comprised the  dermis  of the  follicle  sheath,  it  was  still 
positive for N-CAM (Fig. 5 c'). Outside the follicles, muscles 
attaching the follicle walls develop actively and nerves form 
plexuses under the skin innervating the follicles; both of these 
structures were stained by anti-N-CAM (Fig. 5, a '-c'). 
The expression of CAMs and SAMs (fibronectin and lam- 
inin)  is  shown  in  Fig.  6,  a-h.  The  dermal  condensation 
becomes the dermal papilla, which is made of tightly packed 
cells; these cells were highly N-CAM-positive (Fig.  6,  a,  c, 
and f). The L-CAM-positive epidermal sheet (Fig. 6, b and 
e) extends from the follicle sheath forming an upward bend 
to become papillar ectoderm, passing the dermal papilla to 
form the collar (15,  16). Cells in the papillar ectoderm were 
L-CAM-positive  (Fig.  6e),  and  cells  located  in  the  outer 
margin also contained fibronectin (Fig. 6 h). Cells in the collar 
proper were found to be positive for L-CAM, N-CAM, and 
fibronectin (Fig. 6, e,f, and h). The pulp, which is mesenchy- 
real in origin, was fibronectin-positive, but N-CAM-negative 
(Fig.  6, f  and  h).  The differential distributions of the  two 
primary CAMs, the secondary CAM (Ng-CAM), and the SAM 
(e.g., fibronectin) are clearly contrasted at this stage (Fig. 6, 
e-h). 
Feather Filament 
Between E  10 (stage 36) and E 20 (stage 45), feather buds 
develop into feather filaments through elongation of the bud 
and formation of barb ridges (16, 20). These ridges later split 
to  become the  radially  symmetrical  barbs  of the  nestling 
feathers. The epidermis of the feather bud at this stage differ- 
entiates  via  three  routes  (16):  (a)  cells  in  the  outer layer 
become the follicle sheath; (b) cells in the intermediate layer 
become  the  major  building  blocks  of the  feather--barbs, 
barbules, and calami; and (c) cells in the basilar layer contrib- 
ute a single cell layer covering the barb ridges; most of these 
cells  will  later disintegrate.  Both the  intermediate  and  the 
basilar layers are derived from the collar.  L-CAM was found 
1016  THE  JOURNAL Of  CELL BIOLOGY • VOLUME 101,  1985 FIGURE 6  Feather follicle. Longitudinal sections of feather follicles from skins of the back (a-d) and wing (e-h) of the newly 
hatched chicken are stained anti-L-CAM (b and e), anti-N-CAM (c and f), anti-Ng-CAM (d and g), and antifibronectin (h). (a-d) 
Inside the follicle, N-CAM is in the dermal papilla (dp) but not in the pulp (p). (a is the phase-contrast image of c.) Outside the 
follicle, N-CAM is also on a thin layer of dermis surrounding the lower half of the follicle (dr). L-CAM is on the double-layered 
epidermal structures;  the outer layer becomes the follicle sheath and the inner layer will generate the feather structure  itself. 
Muscles (m) that attach to the follicle have developed (junction indicated by small arrows) and are stained by anti-N-CAM (c). 
Nerves have invaded into the dermal papilla and pulp (d). el, epidermis of follicle. (e-h) Follicles at more advanced stages than 
in a-d.  The dermal papilla has developed into its characteristic  biconcave shape and  was stained  only by anti-N-CAM. The 
epidermal collar (cl) is positive for L-CAM  (e) and  N-CAM (f), as well as for fibronectin (h). The pulp is rich  in fibronectin, and 
contains several nerves, stained by anti-Ng-CAM (g). pe, papillar ectoderm. (a-d)  Bar, 100/~m; x  126. (e-h) Bar, 50 ~,m; x  196. 
to  be  present  on  all  three  kinds  of epidermis.  Within  the 
epithelia,  N-CAM  was  expressed  in  the  basilar  layer  in  a 
periodic fashion (see below and Figs. 7 and 8). 
To analyze the relationship  between barb-ridge  formation 
and the appearances  of N-CAM and L-CAM, we examined 
cross sections of feather  filaments from base to tip because 
filaments express a growth gradient in this direction as devel- 
opment ranges from earlier to later stages (16). Expression  of 
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base of the feather filament, two concentric layers of epithelia 
face each other with a cornified layer in between; the outside 
layer will  become  the  follicle sheath  and  the  inner  layer 
becomes the barb ridge epithelium. Both layers were L-CAM- 
positive  (Fig.  7a).  The  staining  pattern  for  N-CAM  was 
complementary to that for L-CAM: the dermal papilla inside 
the follicle  was  positive for N-CAM,  but the two L-CAM- 
positive epithelial rings outside were N-CAM-negative (Fig. 
7, a, a', and a"). At a more mature stage, the epithelial cells 
on the dorsal side of the feather filament began to form barb 
ridges while the cells on the ventral side were still smoothly 
aligned. After the barb ridges were formed, N-CAM began to 
appear in the basilar cells in the valley between two ridges 
(Fig.  7,  b,  b',  and  b").  With  time,  the  N-CAM-staining 
structure  initially  comprising  one  to  three  cells  gradually 
spread from these valleys bilaterally toward the tips of both 
barb ridges flanking the valley (Fig. 7, c, c', and c" and d, d', 
and d").  At the same time, cells within the ridge were orga- 
nized into two rows of rectangular cells (the barbule plate) on 
which L-CAM staining was more apparent on the short sides 
than the long sides (compare Fig. 7, c and d). 
At  a  more advanced stage,  the barb  ridges  increased  in 
length and a thin layer of spindle-shaped cells positive for N- 
CAM (the axial plate) appeared between the barbule plates 
(Fig. 8, a, a', and a"). At this stage, the previously described 
N-CAM-positive basilar cells start to "zip in" from the valley 
toward the tip of the ridges to constitute the marginal plate 
(Fig.  8, a, a', and a"). Except for cells in the marginal and 
axial plates and in the remaining basilar layer, all epithelia 
become keratinized: the tips of barb ridges become rami, the 
barbule plates become barbules, and rami and barbules to- 
gether form barbs. The disintegration of  the N-CAM-positive 
cells leaves empty spaces that separate the keratinized feather 
structures originally comprising L-CAM-positive cells (Figs. 
8 and 9). 
The basilar layer is presumed to be of epidermal origin (16, 
20).  Because cells  from this  layer express both  L- and  N- 
CAM, it is important to know the spatial relationship between 
the basement membrane and the basilar layer. We used both 
antifibronectin and antilaminin antibodies to detect the base- 
ment membrane; both showed the same staining pattern in 
feather filaments (Fig.  10). In the earlier stage,  staining by 
both antibodies appeared on the pulp and on some mesen- 
chymal cells lying on the tip of barb ridges,  but no staining 
was detected on cells of the basilar layer (Fig.  10, a and a'). 
When the barb ridges are formed, a basement membrane is 
present on the basilar layer only on the side facing the pulp, 
but is not present between the basilar layer and barb epithelial 
cells (compare Fig.  10, b and b', with Fig. 7, d, d', and d"). 
Later, as marginal plates start to form, the basement mem- 
brane  is  excluded  from  the  valleys to  form  a  cylindrical 
membrane that separates the pulp and the feather epithelia 
(compare Fig.  10, c and c' with Fig.  8, a, a', and at'). The 
relative distributions of  CAMs and SAMs in the feather follicle 
are summarized in Table I. These findings indicate that the 
SAMs and CAMs have very different distributions and roles 
in the morphogenetic events leading to feather structures. 
Biochemical Characterization of N-CAM 
from Skin 
N-CAMs from embryonic brains migrate as a broad band 
ranging from Mr  180,000  to Mr 250,000 (23) in gel electro- 
phoresis; N-CAMs  from adult brains  migrate as two sharp 
bands of  Mr 180,000 and 140,000 and contain only one third 
the amount ofsialic acid present in N-CAM from embryonic 
brains (28). This change is termed E (embryonic) to A (adult) 
conversion (29). To determine whether the CAM molecules 
recognized by immunofluorescent staining on the skin resem- 
ble those in the brain, we performed immunoblots on skin 
extracts from  embryos at  different ages.  On  the  blot,  the 
molecules recognized by anti-N-CAM  migrate  as  a  broad 
band of Mr 140,000-200,000 at E 7 (stage 31). They show as 
a narrower band above Mr 140,000  near birth (Fig.  11), and 
eventually they constitute a sharp Mr 140,000 band in adult. 
N-CAM from embryonic skin contains sialic acid as indicated 
by the fact that it reacted with monoclonal antibody 15G8, 
which  recognizes determinants  related  to  sialic  acid  (24); 
moreover, after neuraminidase treatment, we found that the 
skin N-CAM was converted to a sharp band at Mr  130,000 
and several other bands of lower molecular weight.  We con- 
clude therefore that the N-CAM from skin also undergoes E 
to A conversion (29) as development proceeds. In addition, 
the reactivity of skin N-CAM was neutralized by preincuba- 
tion with purified brain N-CAM,  and protease V8  peptide 
maps  (30)  of N-CAM  from  the  skin and  brain  were very 
similar (not shown). A  distinction does exist,  however: N- 
CAM from chicken skin appears to contain only the Mr = 
140,000  polypeptide in  contrast to the polypeptides of Mr 
180,000  and  140,000  found in N-CAM from chicken brain 
FIGURE  7  Feather filament, early stages. Cross sections of feather filaments from chicken back at E 17 (stage 43) are stained with 
anti-L-CAM (a-d) and anti-N-CAM (a'-d'); also shown are the phase-contrast images of anti-N-CAM-stained panels (a"-d"). 
This figure and Fig. 8 are successive sections from base (less mature) to tip (more mature) (a-d here are also sequentially a-d in 
Fig. 8); in each panel the dorsal side faces the top of the figures. (a-a") The epidermal follicle develops into a germinal layer (efg) 
and a cornified layer (efc) that together will become the feather sheath. The inner epidermal layer, positive only for UCAM and 
completely negative for N-CAM, will generate cells for the main structure of the feather, dp, dermal papilla; es, epidermis of skin. 
(b-b")  Epidermal  cells  increase in  number and the layer begins to be segregated into barb  ridges (br).  Note particularly the 
boundary where the newest  ridges are forming (curved  arrows). The basilar layer (hi, flanked by arrowhead) is positive for L- 
CAM; N-CAM begins to appear in the valleys between dorsal barb ridges (long arrow), but is not yet present in the ventral ones 
(short arrow). (c-c") Epithelial cells within barb ridges begin to organize into barbule plates with cells that are parallel to the base 
of the ridge. L-CAM diminishes in the basilar layer, but N-CAM is highly positive in the valleys, spreading bilaterally toward the 
tips of barb ridges, which are still N-CAM-negative. (d-d") Barb ridges increase in length and the valley spaces between them 
become narrower. At this stage, N-CAM is on most of the cells of the basilar layer, while L-CAM is getting fainter in this layer. 
Bar, 25 ~m; × 325. 
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f)  are stained wtih  anti-L-CAM  (a-c)  and anti-N-CAM  (d-f)  antibodies. (a and d) Oblique sections illustrating the  relationship 
between cross and longitudinal sections. Note that the epithelial cells of the barbules are rectangular in longitudinal sections. N- 
CAM is present on two arrays of cells: marginal plates (rap) and axial plates (ap). Cells in the marginal plate are spindle-shaped in 
longitudinal sections  but are cuboidal  in  cross sections as seen  in  Fig.  7d'  and 8a'.  (b and e) At  more mature stages,  many 
epithelial cells are keratinized and barbs start to separate. (c and f) Views similar to b and e, but at lower magnification. Due to 
the angle of section planes, alternating long (marginal plate) and short (axial plate) periodicities of arrays of cells positive for N- 
CAM (long and short arrows at bottom of f) are frequently seen. es, epidermis of skin. Bar,  100 #m. (a, b, d, and e) x  126.  (c and 
f) x  50. 
FIGURE  8  Feather filaments, later stages following Fig. 7. (a-d) Anti-L-CAM.  (a'-d') Anti-N-CAM.  (a'-d") Phase contrast. (a-a') 
N-CAM  is on all the cells of the  basilar layer; the cells lining the valley have now linked to form  the marginal plate (mp) and 
contain much more N-CAM than cells on top of the ridges (arrowhead). Another sequence of N-CAM expression is observed on 
cells in the middle of the  barb ridges that form the axial plate (ap).  Cells in the barbule plates are rectangular in shape at this 
stage; their  L-CAM  staining appears to  be concentrated on  the surface facing N-CAM-positive  marginal and axial plates, with 
fainter staining on the other two surfaces contacting barbule cells. (b-b")  Slightly oblique sections to show that, taken together 
with  the  distributions  seen  in  cross sections,  the  cells of marginal and axial plates indeed  represent slabs of cells  in  a three- 
dimensional view. (c-c") Marginal plates have now become the barb septum (bs),  which is still positive for N-CAM.  The other 
epithelial cells are undergoing keratinization and are losing their L-CAM. (d-d") The epithelial cells have keratinized into barbules 
(bb) and ramus (rm) and have lost their L-CAM. Barb septa show remnants of N-CAM,  but individual cells cannot be recognized 
because they have disintegrated. Bar, 25 pm; x  325. 
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filaments.  Feather  filaments  of  different 
stages from the chicken dorsal skin at E 17 
(stage 43) are stained with antifibronectin (a 
and  b)  and  antilaminin  (c)  antibodies; also 
shown  are  the  corresponding  phase-con- 
trast images (a'-c').  (a and a')  Stages  cor- 
responding  to  Fig.  7b.  Barb  ridges  have 
started to form; fibronectin is not present in 
the valleys between barb ridges (arrows) but 
is  in the pulp  (p).  {b and  b')  Stages  corre- 
sponding  to  Fig.  7d.  Barb  ridges  are  well 
formed;  fibronectin  is on the  pulp  side  of 
the basilar cells. The basilar layer (hi) over 
the  barb  ridge  is  indicated  by two  arrow- 
heads.  (c  and  c')  Stages  corresponding  to 
Fig. 8a. When the basilar cells fuse to form 
marginal plates, the basement membrane is 
gradually  excluded,  but  stains  positively 
next to those basilar cells that cover the tip 
of  barb  ridges.  Fibronectin  and  laminin 
show  the  same staining  patterns  in  similar 
sections. Bar, 25 #m; x  325. 
TABLE  I.  Expression  of L-CAM, N-CAM, and SAM in the Feather 
Follicle 
k-CAM  N-CAM  SAM* 
Epidermis of follicle  +  -  - 
Dermis of follicle  -  +  + 
Dermal papilla  -  +  - 
Papillar ectoderm  +  -  + 
Epidermal collar  +  +  + 
Basilar layer  +,  +  +s 
Barb ridge epithelia  +  -  - 
Pulp  -  -  + 
* SAMs. Tested  here  are  fibronectin  and  laminin  which  showed  similar 
distributions. 
Gradually disappears. 
s Only on the side facing the pulp. 
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(28,  31).  In this respect, N-CAM  from  skin and  that  from 
muscle (32) are similar. 
Because  anti-N-CAM  reacts  with  nervous  tissue,  it  was 
important  to  determine  that  the  N-CAM  detected  in  skin 
extracts did indeed come from the feather tissue and not from 
nerves innervating the  skin.  Neuron-specific anti-Ng-CAM 
(13) was used as a  control, because at this stage of develop- 
ment, it was present in nerves at amounts comparable to N- 
CAM (22a). The blot showed very low intensities at E 7 (Fig. 
11). We therefore conclude that the major amount of protein 
reactive with anti-N-CAM in the blot at E 7 must have been 
derived from feather tissue. L-CAM from the skin and feather 
epidermis was present as molecular species of Mr  124,000, 
94,000, and 81,000, species previously shown to be typical of 
epidermis (12) (Fig. 11 ). FIGURE  11  Immunoblots  of  back  skin  extracts  reacted  with  anti- 
N-CAM,  anti-Ng-CAM,  and anti-L-CAM  antibodies.  50/~g  of Non- 
idet  P-40  extract  protein  was  loaded  in  each  lane,  separated  by 
7.5% SDS  PAGE and  immunoblotted. At  E 7  (stage 31),  anti-N- 
CAM recognizes a broad band of protein ranging from Mr 140,000 
to 200,000; a narrower band above Mr 140,000 is observed at E 18 
(stage 44). At E 7, there is very little Ng-CAM staining. At E 18, anti- 
Ng-CAM reacted with dominant material in Mr 135,000  bands and 
a faint high molecular weight species  that is one of the Ng-CAM 
components (13). Anti-L-CAM reacts with three molecular species, 
a major one at Mr  125,000  and two minor ones at Mr 94,000 and 
81,000;  the two smaller polypeptides are known fragments of L- 
CAM (9), and their increase at E 18 is probably due to proteolytic 
cleavage (9). 
DISCUSSION 
At each site of feather morphogenesis, a spatiotemporal cor- 
relation  exists  between  cells  expressing  L-CAM  and  cells 
expressing N-CAM.  The  data  suggest  that  each  of the  two 
primary CAMs separately links a group of cells, referred to as 
cell collectives, that then interact at critical stages of differ- 
entiation and morphogenesis. The major observations are the 
following: (a) L-CAM is present throughout the cells of the 
ectoderm; although N-CAM is expressed on cells in dermal 
condensations and dermal papillae during induction, it is not 
distributed  throughout  the  dermis during  development.  N- 
CAM  isolated  from  skin  is  similar  to  brain  N-CAM  and 
undergoes a  similar E to A  conversion, but consists of only 
one polypeptide of Mr  140,000.  (b) N-CAM in dermal con- 
densations is expressed in a  spatially periodic pattern that is 
propagated laterally from the midline; this periodicity reflects 
that seen in the tracts for separate feather buds (15). (c) Once 
initiated, the dermal condensation can accumulate more ceils, 
apparently by means of a CAM adhesion mechanism, among 
other possible mechanisms.  Tightly packed cells inside  the 
dermal  condensations  are  brightly  stained  with  N-CAM, 
whereas loosely oriented mesenchymal cells in the surround- 
ing area are N-CAM-negative, and cells that are increasingly 
N-CAM-positive lie in between. (d) Within each feather bud, 
N-CAM is assymmetrically distributed on the dorsal side, and 
at later stages it is again seen to be distributed periodically 
and asymmetrically in the valleys between barb ridges. (e) At 
certain differentiation stages in feather formation, N-CAM is 
expressed on  ectodermally derived cells such as the  feather 
placode, the epidermal collar and the basilar layer. We con- 
clude that a single cell of ectodermal origin can express both 
N-CAM and L-CAM at particular stages. 
To analyze the role of the CAMs in the cell collectives and 
in  feather morphogenesis,  it  is  helfpul  to  classify the  cells 
expressing these molecules. Cells in feather histogenesis can 
be categorized into five cell groups according to their CAM 
expression and their destinies (Table II): (a) dermal cells for 
induction of feather epithelia, expressing N-CAM; (b) epithe- 
lial  cells  as  targets  for  induction,  expressing  L-CAM;  (c) 
epithelial cells as a  source of feather epithelia, expressing L- 
CAM  as well  as  a  transient  and  low level of N-CAM;  (d) 
epithelial cells destined ultimately for cell death without ker- 
atinization, expressing high levels of N-CAM while losing L- 
CAM; and (e) epithelial cells that are L-CAM-positive and 
destined  to  become  permanent  feather  structures  through 
keratinization. 
Chemical Identity of the CAMs in 
Feather Induction 
The  notion  that  epigenetic  regulation  of CAMs  by cell- 
surface modulation is the main means of altering morphoge- 
netic event (5) implies that the same CAMs may he used in 
many different differentiating tissues.  Such is the case for the 
CAMs  in  the  skin.  L-CAM  from skin  shows the  same gel 
patterns as those of other epithelial tissues.  N-CAM from skin 
is also similar to the brain N-CAM in its gel pattern and is a 
sialoglycoprotein that undergoes E to A conversion to become 
the M, --  140,000  polypeptide in the adult.  Skin is the first 
tissue outside of the  brain in which  E  to A  conversion has 
been shown.  This finding suggests  that the loss of polysialic 
acid with an attendant increase in  homophilic binding (33) 
may be  functionally significant in  the  maturation  of quite 
different tissues.  In the  nervous system, E  to A  conversion 
has been correlated with tract fixation (29,  31). Although the 
binding properties N-CAM from skin have yet to be tested, it 
is reasonable to expect that E to A conversion might result in 
TABLE  II.  Cell Groups Expressing N-CAM and L-CAM during Feather Morphogenesis 
Germ 
layer 
Cell groups  Possible functions  origin  CAM expression  Initial appearance  Prevalence of CAMs 
Dermal condensation,  dermal pa-  Inducer  Mesoderm  N-CAM  Periodically propagated  Persistent to adult 
pilla  condensations 
Periderm and basal cells, papillar  Target of inducer  Ectoderm  L-CAM  Epithelial sheet  Persistent to adult 
ectoderm 
Feather placode, collar  Multipotential  cells of origin  Ectoderm  Persistent to adult 
Basilar layer, marginal plate, axial  Modification  and elaboration  of  Ectoderm  Transient: cells disintegrate 
plate  structures 
Barbule, ramus, rachis, calamus,  Main basis of structure  Ectoderm  Transient: cells die while 
feather sheath  becoming keratinized 
L-CAM, N-CAM  Epithelial sheet 
L-CAM decreasing,  Periodically propagated 
N-CAM increasing  structures 
L-CAM  Epithelial sheet 
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fields. 
The major difference between N-CAM from brain and that 
from skin is that, instead of three related polypeptides, there 
is only one polypeptide of Mr  140,000  within skin.  Recent 
studies suggest that N-CAM from striated muscles contains a 
dominant Mr =  140,000  band  (32).  It is therefore possible 
that chick N-CAM of mesodermal origin, such as that of skin 
and  muscle (derived respectively from the dermatome and 
myotome of the somites), is an Mr =  140,000  polypeptide, 
whereas N-CAM of neuroectodermal origin comprises com- 
ponents of Mr 180,000 and 140,000  (28,  31). With the recent 
development of N-CAM cDNA probes (34),  it is possible to 
test whether control of this differential expression of N-CAM 
variants originates at transcriptional or translational levels. 
CAM Couples in Feather Induction 
Recent  studies  (10,  10a,  12)  have  suggested  that  CAM 
couples (two juxtaposed cell collectives, one linked by L-CAM 
and the other by N-CAM) are present at most sites of induc- 
tion in the embryo. The present study presents further evi- 
dence for the existence of such couples as well as for their 
periodic appearance. 
Feathers  in  tracts  are  formed  as  a  result  of a  wave  of 
induction sweeping from the medial to the lateral portion of 
the  body,  resulting  in  arrays  of hexagonally close  packed 
dermal-epidermal induction  sites (15,  35).  The sequence of 
CAM expression in each induction site is as follows: initially, 
a layer of weakly and homogenously N-CAM-positive dermal 
cells is apposed to the L-CAM-positive ectoderm. At the time 
of induction, L-CAM-linked cells form distinct placodes over 
each of the dermal cell aggregations that appear periodically 
and are highly N-CAM-positive. After the induction period, 
L-CAM-positive placode cells become weakly N-CAM-posi- 
tive in a  transient fashion, and the cells start to proliferate 
(15,  16). This entire process is repeated periodically in the 
skin. The sequence suggests that N-CAM is modulated at cell 
surfaces during feather bud induction, and that it is likely to 
be involved in regulating cell movement and division during 
formation of dermal condensations. The precise significance 
of transient N-CAM expression in L-CAM-containing cells 
is not clear, but may be important in forming a direct bond 
with the collective that is linked by N-CAM. 
Dermal cells originate from dermatomes (36).  It is signifi- 
cant that the somites express N-CAM when they are a con- 
densed structure, and that when the somite disaggregates to 
form the dermatome, the cells no longer express N-CAM (10, 
1 l). These cells then migrate through the SAM-rich extracel- 
lular  matrix to  the  dermis,  where  they either  aggregate or 
proliferate to form the dermal condensations that contain N- 
CAM.  It thus  appears  that  the  N-CAM  may  function  to 
mediate mesenchymal condensation. Similar mechanisms for 
forming new cell collectives have also been seen in dorsal root 
ganglion  formation (37),  in  which N-CAM-positive neural 
crest cells lose N-CAM during migration as they constitute 
mesenchyme, but express N-CAM when they reaggregate into 
sensory ganglia. 
As the feather grows and starts to slant, N-CAM is assym- 
metrically distributed within a single bud as one moves from 
the dorsal to the ventral side. Polarized distributions of other 
molecules within a feather bud have been reported (38-40): 
sulphated proteoglycan and type I collagen are concentrated 
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in  the  dorsal  side  (the  same  region  as  N-CAM),  whereas 
fibronectin  and  collagen  type  III are  concentrated  in  the 
ventral side of the bud. As shown in the present studies, this 
dorsal-ventral asymmetry is transient and later switches to a 
pattern in which N-CAM is concentrated in the dermal pa- 
pilla, whereas SAMs are located outside of the papilla. The 
functional significance of this polar distribution of adhesion 
molecules remains to be determined, but it is a  reasonable 
conjecture that N-CAM-linked cells in the dorsal side may 
be largely immobile, and might contribute to the slanting of 
the feather. 
Inductive interactions with dermal cells occur twice during 
the formation oftheneoptile feather (15,  16), first at the stage 
of feather placode formation as described above, and later at 
the stage of feather filament formation. It is striking that in 
both  cases the  induced  epidermal  cells  transiently  express 
both primary CAMs, as do cells of the early chick blastoderm 
(10).  The  descendents  of such  epithelial  cells  then  modify 
their  differentiation  paths  to  express either  N-CAM  or  L- 
CAM  only.  The  L-CAM-positive cells keratinize while the 
N-CAM-positive disintegrate, leaving spaces between keratin- 
ized  structures.  On  the  other  hand,  SAMs  appear  evenly 
between epithelial cells and the pulp, comprising a basement 
membrane,  and  do  not  seem  to  be  involved in  the  same 
periodic or successive morphogenetic steps as the CAMs. 
While the causal events leading to these inductive sequences 
are unknown, the present findings suggest that cell adhesivity 
to form cell collectives is important in embryonic induction. 
It is pertinent that dermal papilla cells from hair follicles tend 
to form aggregates in culture, and that when they lose their 
inductive ability they also lose the aggregating properties (41), 
suggesting that high adhesivity is one of the properties of the 
inducing tissue. 
Pattern Formation: Periodicity among Feathers 
On  the skin, N-CAM is expressed in periodically spaced 
dermal condensations that  interact to induce  the  L-CAM- 
positive feather placodes. At sites within each feather, N-CAM 
is expressed periodically on the  basilar layer in  the  valleys 
between barb ridges that interact with the L-CAM-positive 
barb epithelia. At each level, the periodic appearances of  CAM 
couples are correlated with the formation of new structural 
patterns. 
To  understand  the  dynamic  mechanism  of this  pattern 
formation, it is necessary to analyze the precise order of  events 
that leads to the formation of each structure,  and  then  to 
identify the signal that initiates the appearance of N-CAM at 
each  site  in  which  such  a  structure  will  form.  For  each 
prospective feather, a  layer of N-CAM-positive cells in the 
dermis occurs before the formation of the placode, and these 
cells then form clusters at about the same time the epidermis 
above converts to the  columnar placode cells.  By staining 
evidence alone, it is hard to define the exact time at which 
the epidermis is determined to form placodes. Moreover, the 
exact  time  at  which  N-CAM-positive cell  clusters  can  be 
called dermal condensations is also hard to define, because 
the size of a cluster can be as small as three cells, or as large 
as hundreds of  cells. The smallest recognizable N-CAM cluster 
observed in this study was about 10 cells in a  10-urn section. 
The  temporal  and  causal  relationships  between  N-CAM- 
positive dermal clusters of a particular size and the induction 
of L-CAM-positive placodes will require further study. Signals that lead to pattern formation can be chemical (e.g., 
gradients of diffusible  substances; position  specific  markers 
[42]) or mechanical (e.g., global modulation of cell surfaces 
[43]; alteration of substrates by moving cells [44, 45]).  Our 
observations are diffficult to reconcile with strict chemical or 
positional gradient hypotheses because it does not seem likely 
that  a  presumptive chemical substance can  be  periodically 
distributed in a stable fashion in the face of cell movements. 
Moreover, incision  of a  skin explant  does not stop feather 
bud formation lateral to the incision (46), which suggests that 
propagation  of chemical  substances  is  not  involved.  It  is, 
therefore, difficult to reconcile our findings with the idea that 
different feather patterns can be achieved through genetically 
coded feather pattern markers. 
An explanation for periodicity that associates the expression 
of CAMs at the cell  surface with mechanochemical factors 
that  act  in  concert  with  sequential  gene  expression  seems 
more attractive. In view of the interactions between epidermis 
and dermis in forming a feather (47), it is reasonable to assume 
that, to initiate a feather placode, a specific factor responsible 
for triggering enhanced N-CAM expression is produced at the 
interface  between  the  L-CAM-containing  ectodermal  cells 
and the dermal cells that will express N-CAM. Such a factor 
could be a hormone or peptide, an extended cellular process 
(48), or mechanical tension (43, 45). The resultant enhanced 
expression of N-CAM would lead to increased aggregation of 
the dermal cells.  As more dermal cells interact, they would 
form  a  cell  cluster  linked  by  N-CAM,  at  the  same  time 
undergoing compression and exerting tension on the substrate 
(45).  Such collectives, when sufficiently large,  could induce 
placode formation through some still unknown mechanism, 
possibly  by  release of a  factor.  After they are induced,  the 
placode cells would be changed so that they no longer produce 
factors originally stimulatory for enhanced N-CAM  expres- 
sion, while neighboring regions can still initiate new placodes. 
By  these  means,  the  signals  between  members  of a  CAM 
couple  could  be  both  self-propagating  and  periodic.  This 
proposed mechanochemical coupling, which is a corollary of 
the surface modulation hypothesis (43), would allow complex 
patterns to be reliably formed through a few simple processes. 
The hypothesized ordering of events can be tested by pertur- 
bation experiments using anti-CAM antibodies in the in vitro 
system (49, 50) for feather induction. 
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